Abstract-Neutrophil activation and increased migration is associated with preeclampsia and is resolved after delivery.
Previous studies emphasized the physiological significance of VEGF during pregnancy. FLT-1 is found in the blood of pregnant but not in nonpregnant women and men. In the serum it is known as soluble FLT-1 (sFlt1). 18 sFLT-1 functions as a "decoy" during development and prevents VEGF from binding to its signaling receptor KDR. 19, 20 This scavenger role might be involved in the pathogenesis of preeclampsia. 13, 21, 22 Increased sFlt1 production by the preeclamptic placenta scavenges VEGF and placental growth factor (PlGF), thereby lowering circulating levels of unbound VEGF and PlGF. This altered balance causes generalized endothelial dysfunction resulting in multi-organ disease. 13 It was demonstrated in pregnant rats, that sFLT-1 treatment induces hypertension, proteinuria, and glomerular endotheliosis. 21 Because of the reports about the physiological impact of the VEGF-system during pregnancy and its role in activating monocytes, we hypothesize the existence of differences in the expression, regulation, and function of FLT-1 in maternal neutrophils between normotensive and preeclamptic pregnancies. We studied, therefore, the relation between expression of FLT-1 in PMNs and sFLT-1 of healthy and preeclamptic women. We asked how VEGF and sFLT-1 are able to regulate chemotaxis of maternal PMNs in healthy and preeclamptic women.
Materials and Methods
Detailed Materials and Methods are available in the online data supplement available at http://circres.ahajournals.org.
The investigation conforms with the principles outlined in the Declaration of Helsinki. Maternal blood was obtained during and immediately after delivery from healthy women (nϭ179) and patients with severe PE (nϭ42) at the Department of Obstetrics and was used for further analysis. Clinical data were collected at routine obstetric visits and are summarized in the Table. All pregnant women were normotensive and nonproteinuric before the week 24 of pregnancy. Preeclampsia was defined according to criteria of the American College of Obstetricians and Gynecologists. Patients with other medical complications were not included.
For RT-PCR analysis and cell culture experiments, PMNs were carefully isolated from whole blood samples immediately after obtaining them from the women.
Flow Cytometry
Blood samples were tested by direct immunofluorescence staining of whole blood using fluorochrome-conjugated antibodies. All analyses were performed on a FACScan flow cytometer (Becton Dickinson). The results are expressed as fluorescence histograms plotted on a log scale.
Briefly, maternal PMNs were identified based on the typical morphology in the forward scatter/side scatter cytogram and with monoclonal antibodies against the neutrophil surface markers CD11B (␣M-Integrin, MAC-1; Becton-Dickinson) and CD16 (FC receptor IIIb; Immunotech) according to the manufactures instructions. Antibodies against the lymphocyte surface marker CD4 (Becton-Dickinson) were used as negative control for PMNs. Human serum was used to minimize nonspecific antibody binding to Fc receptors. Nonspecific fluorescence was assessed by substituting a nonbinding isotype-matched control FITC conjugated to sheep F(ab)2 anti-mouse IgG (Sigma) for the primary mAb. A polyclonal (goat) primary antibody raised against the internal domain of FLT-1 (SC-316G; Santa Cruz) was conjugated with FITC and used for flow cytometry.
Immunofluorescence
Isolated maternal PMNs were fixed with 4% paraformaldehyde. The cells were subsequently incubated with the primary antibody raised against FLT-1 (SC-316G; Santa Cruz) and examined with a laser scanning confocal microscope (LSM-META, Carl Zeiss).
RT-PCR
Total cellular RNA was isolated from isolated maternal PMNs. Human microvascular endothelial cells were used as a positive control for FLT-1 and KDR expression.
For RT-PCR analysis, first-strand cDNA was synthesized as described previously. 23 RT-PCR and quantitative RT-PCR (Taqman) was used to compare mRNA levels of FLT-1 and sFLT-1 in PMNs of normotensive and preeclamptic women. TaqMan analysis was performed according to the manufacturer's instructions, with the use of an Applied Biosystems 7700system (PerkinElmer).
Enzyme-Linked Immunosorbent Assay
Sandwich enzyme-linked immunosorbent assay (ELISA) for the detection of total sFLT-1 was performed according to manufacturer's (RELIATech) specifications. Aliquots of serum from normotensive and preeclamptic women were assayed in duplicate.
Cell Culture and Assays

Comparison of VEGF-Mediated FLT-1 Induction on PMNs
According to previous experiments with human vascular endothelial cells, where VEGF upregulates FLT-1 expression, 24 we tested whether VEGF can affect FLT-1 expression in PMNs. Isolated maternal PMNs were cultured. Expression of FLT-1 on PMNs was assessed by incubating cultures with 0.6 nM recombinant VEGF 165 (Biochrome AG) or preincubation with sFLT-1 (1,000pg/mL) for 2 hours before incubating with VEGF or aqua bidest (negative control). After 24 hours FLT-1 expression was measured by quantitative flow cytometry.
Measurement of Neutrophil Chemotaxis in Boyden Chamber
To compare FLT-1-dependent migration of PMNs from preeclamptic and healthy women, chemotaxis was assessed using multidish 6-well cell culture plates with a 3-m pore diameter polycarbonate membrane transwell apparatus (cell culture insert, NUNC) as directed by the manufacturer. Recombinant VEGF 165 at different concentrations (0.3 and 0.6 nM; Biochrome AG) or aqua bidest (negative control) was applied to the lower wells of the chamber. To study the effects of sFLT-1 in maternal serum on PMN chemotaxis, neutrophils from normotensive women were preincubated with sFLT-1 (1000 pg/mL) for 2 hours before incubating with 0.6 nM VEGF, or pretreated with Data denote meansϮSD.
serum from normotensive and preeclamptic women for 2 hours. After incubation for 24 hours, the cells that had migrated through the filter were collected and counted. PMN response to other cytokines was investigated by using N-formylmethionyl-leucyl-phenylalanine (10 ng/mL, fMLP; Sigma), a positive control for a neutrophil chemoattractant.
Transcriptional Regulation of FLT-1
To examine the putative functional significance of enhanced FLT-1 expression after VEGF exposure on the transcriptional level, we studied its promoter activity in HL-60 cells. Based on the sequence of the human FLT-1 promoter [gi 1088437, D64016.1], we performed a genomic PCR. The resulting PCR products (1196 bp of the 5Ј-regulatory region directly upstream of the putative translation initiation start codon) were subcloned into the luciferase reporter vector pGL3basic (Promega) and the identity of the inserts was confirmed by sequencing. 25 HL-60 cells (DSMZ) were cultured in RPMI1640 containing 10% FBS for 72 hours. Then, HL-60 cells were suspended in serum-free RPMI1640 medium, mixed with FLT-1-reporter-plasmid and electroporated in the Gene Pulser Xcell System (Bio-Rad). For standardizing the transfection efficiency, pSV-Beta-Galactosidase vector (Promega) was cotransfected. The cells were immediately cultured either with 0.6 nM recombinant VEGF 165 or pretreated with sFLT-1 (1000 pg/mL) for 2 hours before incubating with VEGF or with aqua bidest (negative control) for 24 hours. We analyzed luciferase and beta-galactosidase activity as previously described. 25 
Screening of the Promoter of the FLT-1 Gene for Genetic Variations
Information about genetic variations were obtained either by database search in the NCBI's dbSNP, HGMD (Human Gene Mutation Database), and HGBASE (Human Genic Bi-Allelic Sequences) or by Single-Strand Conformation Polymorphism (SSCP) analysis.
SSCP Analysis
Genomic DNA from all study subjects was extracted by standard techniques. 25 From the published sequences of the FLT-1 promoter gene (D64016) overlapping fragments, Ϸ320 bp in length were enzymatically amplified to cover the entire promoter region in 166 healthy (332 alleles) women and 33 patients (66 alleles) with preeclampsia.
All PCR amplifications were performed by standard techniques 25 using specific primers (supplementary Table I ), followed by singlestrand conformation polymorphism (SSCP) analysis as previously described. DNA from patients presenting different migration patterns on the polyacrylamide gels were then sequenced twice (both DNA strands with sense and antisense primers) with the use of an automated sequencing device (ABI PRISM 377, Perkin-Elmer).
Statistical Analysis
Data analysis was performed using the Statistical Package for Social Sciences for Windows (SPSS; versions 11.0) and Sigma Plot for Windows Version 8.0 (Systat Software GmbH). Values are given as meansϮSEM if not otherwise indicated. Statistical analyses between the hypertensive and control group were performed using analysis of variance, the Mann-Whitney test or Student t test. In addition, statistical analysis of the migration assay was preformed using the Kruskal-Wallis test. PϽ0.05 was regarded as the level of significance.
Results
Identification of FLT-1 in Maternal Neutrophils
As shown in Figure 1A , forward scatter and side scatter were used to identify maternal PMNs. Figure 1B and 1C illustrate the gates used to characterize PMNs by CD16 and CD11b expression, whereas CD4 expression was not detected ( Figure  1D ). Our flow cytometry revealed specific FLT-1 expression in the maternal CD16 ϩ /CD11b ϩ PMNs ( Figure 1E and 1F). Substituting control FITC conjugated to sheep F(ab)2 antimouse IgG instead of primary antibody revealed no immunofluorescence in the flow cytometry ( Figure 1G ).
Immunohistochemistry demonstrated specific staining for FLT-1 in the cytoplasm and cell membrane of PMNs ( Figure  1H ) by using laser scanning confocal microscopy.
Specificity of the immunoreactions used for both methods was assessed by using different amounts of primary antibody (data not shown) and peptide pre-absorbed antiserum against FLT-1-peptide and antiserum against CD11b pre-absorbed with FLT-1-peptide (supplemental Figure I) . Quantitative results of FLT-1 and sFLT-1 mRNA levels by realtime RT-PCR is given in Figure 2 . Statistical analysis of the data showed a significantly decreased FLT-1 and sFLT-1 expression in PMNs of the preeclamptic group compared with normotensive controls, when related to ␤-actin mRNA expression.
Characterization of FLT-1 Expression in Maternal Neutrophils of Hypertensive Pregnancies
Furthermore, FLT-1 protein expression in maternal PMNs from 179 healthy women were studied for between gestational week (GW) 6 and 42 and compared with the preeclamptic group between GW 23 and 41 using FACS analysis. Additionally, PMNs from 9 healthy women were studied 24 hours after giving birth. The plot in Figure 3A demonstrates the relationship between FLT-1 expression and week of gestation in healthy women. FLT-1 expression increased during the first two trimesters, peaked at 30 to 33 weeks, and decreased thereafter with the lowest expression after giving birth ( Figure 3A) .
In contrast, PMNs from patients with preeclampsia expressed significantly lower FLT-1 levels ( Figure 3B ) when compared with the healthy group ( Figure 3B ). In subgroup analysis in patients with and without preeclampsia of matched gestational age, FLT-1 expression in the PMNs was significantly lower in preeclamptic women ( Figure 3C ) as compared with healthy women.
Another subgroup analysis (gestational week 30 and 38) compared FLT-1 expression with sFLT-1 serum levels during normotensive and preeclamptic pregnancies ( Figure 4A ). Soluble FLT-1 serum concentrations are elevated in the PE group when compared with the normotensive women. In contrast, FLT-1 expression in PMNs is decreased in the PE group.
FLT-1 Expression in Maternal PMNs After VEGF Stimulation
It was demonstrated that VEGF exposure leads to higher levels of FLT-1 in cultured ECs, 24 but nothing was known about a VEGF-dependent regulation of FLT-1 in leukocytic cells. Therefore, we determined whether VEGF is able to induce endogenous FLT-1 expression in PMNs of both study groups at the same GW. Within the control group FLT-1-expression increased in PMNs after treatment with VEGF for 24 hours. By contrast, PMNs from patients with preeclampsia were unable to upregulate FLT-1 expression ( Figure 4B ).
We investigated whether the increase in sFLT-1 levels in preeclampsia is responsible for the altered FLT-1 expression in PMNs (Figure 4A ), because the activity of VEGF can be modulated by sFLT-1. Indeed, preincubation with exogenous sFLT-1 significantly attenuated FLT-1 expression in PMNs from normotensive women in response to VEGF ( Figure 4C) .
These results stimulated us to characterize in detail the VEGF-dependent FLT-1 upregulation in PMNs on the transcriptional level of the FLT-1 promoter. Reporter analysis was performed in HL-60, a leukocytic cell line with the ability to differentiate into neutrophils. We could demonstrate increased promoter activity after stimulation with VEGF ( Figure 4D ). Again, pre-incubation with exogenous sFLT-1 significantly attenuated FLT-1 promoter activity in HL-60 cells in response to VEGF ( Figure 4D ).
It has been reported that the gene for FLT-1 contains putative ETS-responsive elements in its promoter, rendering them potentially susceptible for transcriptional activation by VEGF via ETS-1. 26,27 Therefore, we screened the two groups of patients for genetic differences within the promoter region of the FLT-1 gene, because a variation in one of the ETS-responsive elements of the FLT-1 promoter might change FLT-1 expression. Database search and SSCP analysis found no genetic variation within the ETS-responsive elements of the reported FLT-1 promoter region (data not shown).
FLT-1-Dependent Migration of Maternal Neutrophils
Next, we investigated VEGF-dependent PMNs migration. As shown in Figure 5A migration of PMNs from preeclamptic women is significantly increased. VEGF is able to stimulate cell migration dose-dependently only in the healthy group ( Figure 5A ). The chemoattractant fMLP that was used as a positive control was still able to induce PMN migration in the preeclamptic group ( Figure 5A) .
Furthermore, we investigated whether increased sFLT-1 levels during preeclampsia are responsible for the compromised PMN migration after VEGF stimulation. Preincubation with exogenous sFLT-1 significantly attenuated migration in response to VEGF ( Figure 5B ) in PMNs from normotensive women. Likewise, the inhibitory effect of the serum from preeclamptic women on VEGF-dependent PMN migration could be demonstrated ( Figure 5C ). In contrast, PMNs preincubated with serum from normotensive women were still able to migrate after VEGF stimulation.
Again, a significant increase of cell migration was seen after preincubation with serum from preeclamptic patients ( Figure 5C ).
Discussion
Our results support previous findings demonstrating the impact of the VEGF system during preeclamptic pregnancy. Previous data emphasize that excessive placental sFLT-1 production, by neutralizing VEGF and PlGF, may play a causal role in the pathogenesis of the maternal syndrome in preeclampsia. 28 sFLT-1 production induces an antiangiogenic state in the serum of preeclamptic women. 28 An adequate and organized interaction of VEGF with its receptors is essential for normal placental development and function as well as maintenance of the established maternal vasculature. Continuous low levels of VEGF are required for endothelial cells to survive prolonged periods and to function properly. 29 Thus, when sFLT-1 plasma levels rise, they may reduce the circulating (or free) VEGF levels below a critical threshold required for vasculogenesis and the maintenance of the established vasculature during pregnancy. 29 In pregnant women with preeclampsia, the placenta produces elevated levels of sFLT-1, which captures free VEGF and PlGF. 21, 30 First attempts to measure VEGF concentrations in the blood of preeclamptic women were confusing and contradictory. 28 This contradiction exists because only some groups were able to measure the unbound VEGF and PlGF, while others detected total (unbound and bound) VEGF and PlGF. 28 A recent study solved this problem. 21 Preeclampsia is characterized by normal to high total VEGF levels but low physiologically more relevant unbound (free) VEGF and PlGF levels (which more accurately reflects effective circulating VEGF and PlGF), owing to a vast excess of sFlt1. 21, 31 It was suggested that excess placental production of sFLT1 contributes to hypertension, proteinuria, and glomerular endotheliosis noted in patients with preeclampsia. 21 Therefore, balance of VEGF, PlGF, and sFLT-1 is carefully regulated, because of the high level of angiogenesis that is necessary to maintain a successful pregnancy. 22 Cross-sectional analysis of serum obtained within gestational-age intervals revealed that maternal sFLT-1, VEGF and PlGF concentrations increase during the first two trimesters. 22, 30 When sFLT-1 and VEGF concentrations peak predelivery and decrease after giving birth, 22 PlGF levels peaked already at 29 to 32 weeks, and decreased thereafter. 30 Interestingly, we found a similar expression pattern of FLT-1 in PMNs over the different weeks of gestation ( Figure 3A) , detected significantly lower levels of FLT-1 (Figures 2A, 3B, 3C , and 4A) in PMNs during PE and confirmed previous findings of higher sFLT-1 blood levels ( Figure 4A ) during preeclampsia. 30, 32, 33 These differences between sFLT-1 blood levels and FLT-1 expression in PMNs are not very surprising considering that the increase in the sFlt-1 level is paralleled by decreased free VEGF levels, especially, in the preeclamptic group when compared with normotensive women. It is suggested that the decrease in these factors may be attributable in part to binding by sFlt-1. 30 Facing the fact that maternal blood levels of VEGF as well as FLT-1 expression on cell surface of PMNs increased in the same manner during the first two trimesters 30 ( Figure 3A) , we have to remember a recent study showing increased FLT-1 expression in endothelial cells after VEGF exposure. 24 Therefore, we became interested to understand whether VEGF is also able to induce FLT-1 expression in maternal PMNs during normal and preeclamptic pregnancies. Increased FLT-1-expression in normal PMNs was found after incubation with VEGF conditioned medium ( Figure 4B ). In contrast, PMNs from preeclamptic patients were unable to upregulate FLT-1 expression ( Figure 4B ). Thus, we addressed whether the elevated sFLT-1 in patients with preeclampsia inhibits upregulation of FLT-1 in neutrophils by neutralizing VEGF. Indeed, our experiments demonstrated that sFLT-1 inhibits VEGF-dependent upregulation of FLT-1 ( Figure 4C ) by changing its promoter activity ( Figure 4D ), because the gene for FLT-1 contains putative ETS-responsive elements in its promoter, rendering them potentially susceptible for transcriptional activation by VEGF via ETS-1. 27 These results stimulated us to screen the two groups of patients for genetic differences within the promoter region of the FLT-1 gene. In fact, a variation in one of the ETS-responsive elements of the FLT-1 promoter could be responsible for changes of FLT-1 expression. Because the general catalog of genome variation with the complete contents of dbSNP, HGMD, and HGBASE is available, we can easily screen those databases for published genetic variations. However, our bioinformatics analysis failed to find any kind of genetic variation within the whole FLT-1 promoter region (data not shown). Genotyping of the patients' DNA by SSCP analysis and additional sequencing confirmed that there are no variations in the ETS-responsive elements (data not shown). Nevertheless, future studies performing large-scale associations with promoter analysis of genetic variations of the ETS-1 gene should be initiated for a better understanding of the impact of ETS-1 on the transcriptional regulation of FLT-1 during hypertensive pregnancies.
So far, the functional consequence of the attenuated FLT-1 expression in PMNs during preeclampsia remained unsolved. We knew that resting monocytes normally express low levels of FLT-1; 15 and VEGF, by binding to FLT-1, induces monocyte chemotaxis and modulates transendothelial migration. 14 -16 Our results confirmed that FLT-1 is involved in VEGF-induced chemotaxis of peripheral blood cells, 14 because these cells express only FLT-1 but not KDR (Figure 2A and 2C) and migrate in response to exogenous VEGF ( Figure  5A and 5B). Thus, when FLT-1 is downregulated in preeclamptic PMNs no VEGF-dependent chemotaxis could be observed ( Figure 5A ), although fMLP (a standard chemokine used as a positive control) was still able to induce normal PMNs migration. Furthermore, sFLT-1 ( Figure 5B ) or medium conditioned with preeclamptic serum rich in sFLT-1 ( Figure 5C ) decreased neutrophil migration by neutralizing VEGF. These findings are in accordance with recent reports showing decreased endothelial cell migration after incubation with sFLT-1 or conditioned medium from preeclamptic placenta. 34 How does the decreased FLT-1 expression in neutrophils of preeclamptic women fit into the understanding of the pathophysiology of the maternal syndrome of preeclampsia? In general, pregnancy is associated with a generalized inflammatory response. 35 One reason is the maintenance of the peripheral tolerance to fetal alloantigen. Thus, during gestation physiological adaptation of innate and adaptive immune system is a necessary key element for maternal homeostasis. 35 PMNs and monocytes as parts of the innate immune system appear to be the most profoundly affected cells as shown by distinct changes in their phenotype and function. In particular, proper receptor-driven cell functions 35 such as apoptosis and VEGF/FLT1-dependent chemotaxis are required.
Compared with normal pregnancy, the systemic inflammatory response is much more pronounced during preeclampsia. 36 The reason for this extensive systemic inflammation remains unknown. It is believed that a hypoxic and dysfunctional preeclamptic placenta releases increased amounts of proinflammatory components: plasma factors, like IL-6, TNF-␣, and sFLT-1, 8 cell debris, such as syncytiotrophoblast membrane microparticles, and even cytotrophoblasts into the maternal circulation. Increased plasma levels of sFLT-1, besides other released proinflammatory factors, then alter neutrophil function (Figures 4 and 5) .
We therefore speculate that the consequence of this placental disposal plus the impaired VEGF response of neutrophils ( Figures 4B and 5A ) increases the maternal inflammatory burden. 36 This leads to a higher PMNs activation and, in turn, a potentiated interaction with the vascular endothelium resulting in increased infiltration of the maternal systemic vasculature, 37 and contributes to vascular endothelial dysfunction, which is central for the pathophysiology of preeclampsia. Indeed, our results based on absolute cell migration measurements revealed a significantly increased migration of PMNs from preeclamptic women when compared with controls ( Figure 5A ). Furthermore, medium conditioned with preeclamptic serum increased even migration of PMNs from normotensive pregnant women ( Figure 5C ). This could be attributable to increased plasma concentrations of cytokines, such as TNF-␣. 8 Figure 5 . Neutrophil chemotaxis in response to VEGF, sFLT-1 and fMLP. A, PMNs from control (nϭ7) and preeclamptic (nϭ6) women at same gestational age were exposed to medium with different doses of VEGF (0.3 and 0.6 nM) and aqua bidest (negative control). Neutrophil chemotactic response was expressed as percentage of migrated PMNs. Each result represents an average of two independent experiments per patient. B, VEGFinduced migration of PMNs from normotensive women (nϭ3) with and without preincubation of sFLT-1. (Relative cell migration; migration ϩVEGF /migration ϪVEGF ). C, VEGF-induced migration of PMNs from healthy pregnant women (nϭ3) after preincubation with serum from normotensive and preeclamptic women.
In summary, increased sFLT-1 appears to alter the neutrophil function resulting in loss of VEGF-dependent migration during preeclampsia. Moreover, sFLT-1 appears to downregulate FLT-1 expression in PMNs because of its VEGF neutralizing action.
